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Abstract 
 
 Raman spectroscopy at 298 and 77 K has been used to study the secondary uranyl 
mineral johannite of formula (Cu(UO2)2(SO4)2(OH)2.8H2O).  Four Raman bands are observed 
at 3593, 3523, 3387 and 3234 cm-1 and four infrared bands at 3589, 3518, 3389 and 3205 cm-
1.  The first two bands are assigned to OH- units (hydroxyls) and the second two bands to 
water units. Estimations of the hydrogen bond distances for these four bands are 3.35, 2.92, 
2.79 and 2.70 Å.   A sharp intense band at 1042 cm-1 is attributed to the (SO4)2- symmetric 
stretching vibration and the three Raman bands at 1147, 1100 and 1090 cm-1 to the (SO4)2- 
antisymmetric stretching vibrations.  The ν2 bending modes were at 469, 425 and 388 cm-1 at 
77 K confirming the reduction in symmetry of the (SO4)2- units.  At 77 K two bands at 811 
and 786 cm-1 are attributed to the ν1 symmetric stretching modes of the (UO2)2+ units 
suggesting the non-equivalence of the UO bonds in the (UO2)2+ units. The band at 786 cm-1, 
however, may be related to water molecules libration modes. In the 77 K Raman spectrum, 
bands are observed at 306, 282, 231 and 210 cm-1 with other low intensity bands found at 
191, 170 and 149 cm-1.  The two bands at 282 and 210 cm-1 are attributed to the doubly 
degenerate ν2 bending vibration of the (UO2)2+ units.  Raman spectroscopy can contribute 
significant knowledge in the study of uranyl minerals because of better band separation with 
significantly narrower bands, avoiding the complex spectral profiles as observed with 
infrared spectroscopy. 
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Introduction 
 
Uranyl sulphate solid state and solution chemistry plays one of the most important 
roles in the actinide chemistry, mineralogy, geochemistry and “environmental chemistry” 
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with regard to uranium(VI) migration in natural waters and to spent nuclear fuel problems. 
Actinide sulphate complexes inclusive those of uranium are to be reflected in migration from 
a nuclear waste repository or in accidental site contamination. To gain an understanding of 
the geochemical behavior of such materials, a fundamental knowledge of actinide sulphate 
chemistry and mineralogy seems to be needed.  The mineral johannite 
(Cu(UO2)2(SO4)2(OH)2.8H2O) has been studied for an extended period of time [1-5].  Many 
of the early studies were concerned with thermal effects [6-8]. Nováček (1935) established on 
the basis of chemical microanalysis for johannite the chemical formula CuO.2UO3.2SO3. 
7H2O or Cu(UO2)2(SO4)2(OH)2. 6H2O. Mereiter inferred from the crystal structure analysis 
that johannite contains 8 H2O and 2 OH-. This was confirmed by Čejka et al. on natural and 
synthetic johannite. [9-12] Hurlbut showed the structure to be triclinic [8]. This was 
confirmed by Donnay [13].  Further studies showed that johannite consists of pairs of 
pentagonal dipyramidal (UO2)(OH)2O3 polyhedra which form double polyhedra by edge-
sharing through 2 OH groups  linked by the (SO4)2- tetrahedra to form layers 
(UO2)2(OH)2(SO4) [14].  The sheet in johannite is obtained from the phosphuranylite anion 
topology by populating each pentagon with a uranyl ion, giving thus UO2O5 pentagonal 
dipyramids, and each triangle of the anion topology is the face of a SO4 tetrahedron. The SO4 
polyhedra only share corners with the uranyl polyhedra. The interlayer contains a single 
symmetrically distinct Cu2+O6 octahedron that shows the usual (4+2) distortion owing to the 
Jahn-Teller effect. The equatorial ligands of the octahedron are H2O molecules. The apical 
ligands of the octahedron are uranyl oxygens from both adjacent sheets. The cross linking 
between the sheets is both through the Cu2+ octahedra and hydrogen bonds. In the interlayer, 
there are two additional symmetrically distinct water molecules held by hydrogen bonds only. 
[15] 
Čejka realised the symmetry species of johannite with the (UO2)2+ unit of symmetry D
•
h and 
(SO4)2- of Td symmetry. [10] The structural analysis of johannite by Mereiter showed the two 
UO bonds are identical with bond lengths of 1.78 Å and the OUO units almost linear [14].   
 
 The infrared spectra of johannite has been published [10, 16, 17].   Čejka rightly 
points out that the only admissible site symmetry for the (SO4)2- units in johannite is C1 [18].  
This means that the ν1 and ν2 vibrational modes inactive in terms of Td symmetry become 
active in the infrared spectra.  These bands were only observed as very low intensity bands or 
not at all in the infrared spectra. An absorption band found at 619 cm-1 was assigned to the 
triply degenerate bending ν4 vibrations of the (SO4)2- units.  Intense infrared bands were 
found at 1145 and 1096 cm-1 and were assigned to the ν3 antisymmetric stretching vibrations.  
Two bands observed at 422 and 384 cm-1 were assigned to the ν2 bending modes.  Three 
weak absorption bands were found at 832, 821 and 780 cm-1 and were assigned to ν1 
symmetric stretching vibrations of the (UO2)2+ units.  Absorption bands observed at 936 and 
911 cm-1 were the equivalent antisymmetric stretching bands.  Two absorption bands at 257 
and 216 cm-1 were ascribed to the ν2 bending modes of the (UO2)2+ units.  Serezhkina et al. 
(1981) studied infrared spectrum of synthetic johannite and attributed bands at 1012 and 1002 
cm-1 to the ν1 (SO4)2-,  at 1227, 1160, 1140, 1070 and 1037 cm-1 to the ν3 (SO4)2-, at 639, 612, 
598 and 583 cm-1 to the ν4 (SO4)2-, and at 430 cm-1 to the  ν2 (SO4)2-.   [19] 
 
 Johannite is a secondary mineral and as such is formed from solution.  Such a mineral 
can be transported through water tables and diffuse through soils.  Infrared spectroscopy has 
proven most useful for the study of the uranyl sulphates.  However infrared bands often are 
broad and overlap making the assessment and assignment of bands difficult, particularly 
when bands may occur in the same spectral region but originate from different vibrating 
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units.  For example water librational modes may overlap with the stretching vibrations of the 
(UO2)2+ units and also deformation modes of the U-OH vibrations may overlap with sulphate 
stretching bands.  Raman spectroscopy enables the symmetric stretching vibrations to be 
determined and does not suffer from the overlap of broad bands.  In this work we attribute 
bands at various wavenumbers to vibrational modes of johannite using Raman spectroscopy 
at both 298 and 77 K and relate the spectra to the structure of the mineral. 
 
 
Experimental 
Minerals 
 
The Johannite minerals m34904 used in this work was obtained from Museum 
Victoria and originated from England, Cornwall, Saint Agnes (50 19 N, 05 13 W). Other 
johannite minerals were obtained from Australian sources. 
 
Raman microprobe spectroscopy 
 
The crystals of johannite were placed and orientated on the stage of an Olympus 
BHSM microscope, equipped with 10x and 50x objectives and part of a Renishaw 1000 
Raman microscope system, which also includes a monochromator, a filter system and a 
Charge Coupled Device (CCD). Raman spectra were excited by a HeNe laser (633 nm) at a 
resolution of 2 cm-1 in the range between 100 and 4000  
cm-1.  Repeated acquisition using the highest magnification was accumulated to improve the 
signal to noise ratio. Spectra were calibrated using the 520.5 cm-1 line of a silicon wafer. In 
order to ensure that the correct spectra are obtained, the incident excitation radiation was 
scrambled.  Previous studies by the authors provide more details of the experimental 
technique. Spectra at liquid nitrogen temperature were obtained using a Linkam thermal stage 
(Scientific Instruments Ltd, Waterfield, Surrey, England).  Details of the technique have been 
published by the authors [20-23]. 
 
Infrared Spectroscopy 
 
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer with a 
smart endurance single bounce diamond ATR cell. Spectra over the 4000−525 cm-1 range 
were obtained by the co-addition of 64 scans with a resolution of 4 cm-1 and a mirror velocity 
of 0.6329 cm/s.  
 
Spectral manipulation such as baseline adjustment, smoothing and normalisation was 
performed using the GRAMS® software package (Galactic Industries Corporation, Salem, 
NH, USA).  
 
Results and discussion 
 
 The Raman spectrum at 298 K of the hydroxyl stretching region of johannite is shown 
in Figure 1.  Four Raman bands are observed at 3593, 3523, 3387 and 3234 cm-1.  In the 
infrared spectrum of johannite four bands are observed at 3589, 3518, 3389 and 3205 cm-1 
(Figure 2).  An additional broad infrared feature is observed centred upon 3118 cm-1.  The 
first two bands are assigned to OH units and the second two bands to water units.  In the 
structure of johannite there are two independent water units and two independent (OH)-1 
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units.  Hence the observation of the four Raman bands is in harmony with the structure of the 
mineral.  Čejka  showed that the infrared spectra of johannite were both sample and 
preparation method dependent for infrared spectroscopy [24].  Čejka observed infrared bands 
at 3595, 3523, 3380 and 3205 cm-1. [10] The position of these infrared bands is in excellent 
agreement with our results.  Čejka also noted that the bands at 3595 and 3523 cm-1 were not 
observed when KBr pellets were used [10]. The conclusion was reached that there was a 
reaction between the johannite and the KBr during sample preparation. It is noted that an 
advantage of Raman spectroscopy is that no sample preparation is required other than the 
orientation of the crystals in the incident beam.  Thus Raman spectroscopy eliminates the 
difficulties of preparation associated with infrared spectroscopy. 
 
 The observation of two different types of structural water in the johannite structure is 
confirmed by the presence of two distinct bands in the HOH deformation region of the 
infrared spectrum (Figure 3).  Two bands are observed at 1659 and 1624 cm-1.  These values 
agree well with the data published by Čejka [10]. The observation of two bands at two 
wavenumbers is associated with two water molecules with two hydrogen bond strengths as 
measured by the hydrogen bond distances. The region from 1600−1750 cm-1 in which the δ 
H2O deformation modes of water are found, is clear of all other vibrational modes. Minerals 
containing physically adsorbed water give strong infrared bands at 3450 cm-1, the water 
hydroxyl stretching vibration, and at ~ 1630 cm-1, the δ H2O bending vibrations. For 
monomeric non-hydrogen bonded water as occurs in the vapour phase, these bands are found 
at 3755 and 1595 cm-1, whilst liquid water bands occur at 3455 and 1645 cm-1. For water 
molecules in ice, the bands occur at 3255 and 1655 cm-1. When water molecules are very 
tightly bound to the mineral surface as may occur with johannite, then bands occur in the 
3200−3250 cm-1 region. What is being distinguished here is the formation of strong and weak 
hydrogen bonds. The hydroxyl stretching modes of weak hydrogen bonds occur in the 
3580−3500 cm-1 region and the hydroxyl stretching modes of strong hydrogen bonds occurs 
below 3420 cm-1. When the water is coordinated to the cation as occurs in certain minerals, 
the water OH stretching frequency then occurs at 3205  
cm-1. A simple observation can be made that as the water OH stretching frequency decreases 
then the HOH bending frequency increases. The 3220 cm-1 band corresponds to an ice-like 
structure with O-H…O bond distances of 2.77 Å. Thus the water hydroxyl stretching and the 
water HOH bending wavenumbers provide a measure of the strength of the hydrogen 
bonding of the water molecules. Likewise the position of the water bending vibration also 
provides a measure of this strength of water hydrogen bonding. Bands that occur at 
frequencies at or above 1659 cm-1 are indicative of coordinated water and strongly bonded 
water. Bands that occur below 1624 cm-1 are indicative of water molecules that are not as 
strongly hydrogen bonded. In this case the hydrogen bonding is weaker as the frequency 
decreases. 
 
Studies have shown a strong correlation between ν OH stretching frequencies and 
both O…O bond distances and H…O hydrogen bond distances [25-28].  Libowitzky based 
upon the hydroxyl stretching frequencies as determined by infrared spectroscopy, showed 
that a regression function can be employed relating the above correlations with regression 
coefficients better than 0.96 [29].  The function is described as: ν1 = 
1321.0
)(
109)3043592(
OOd −−
×− cm-1.  [24]  The two water stretching vibrations at 3389 and 3205 
cm-1 provide estimations of the hydrogen bond distances of 2.79 and 2.70 Å.  The two OH 
stretching vibrations of the hydroxyl units at 3589 and 3518 cm-1 give estimations of 
hydrogen bond distances of 3.35 and 2.92 Å.   The use of Raman data instead of the infrared 
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data would provide similar values for the estimation of the hydrogen bond distances.  The 
results of this analysis show that the hydroxyl units are at long distances from the nearest 
oxygen and that the water molecules are at significantly closer distances to the nearest 
oxygen. Such a conclusion fits well with the known structure of johannite in which the 
sulphates link with water units to form a layered structure.   
 
The Raman spectrum of the (SO4)2- stretching region of johannite are shown in Figure 
4 and the infrared spectrum of the low wavenumber region are shown in Figure 5.   The 
infrared spectra as reported by Čejka show that bands in the (SO4)2- symmetric stretching 
region may be but need not be observed.  [10] Similarly no IR bands were found in our 
infrared spectrum in this position which could be attributed to this vibration although a very 
weak shoulder at 1041 cm-1 was observed (Figure 5).    
However, Serezhkina et al. (1981) observed two bands at 1012 and 1002 cm-1 and 
attributed them to the ν1 (SO4)2-. [19] The Raman spectrum is clearer with a sharp intense 
band at 1042 cm-1 attributed to the (SO4)2- symmetric stretching vibration.  Three Raman 
bands are observed at 1147, 1100 and 1090 cm-1 and are assigned to the (SO4)2- 
antisymmetric stretching vibrations.  In the infrared spectrum two bands are observed at 1145 
and 1086 cm-1.   Serezhkina et al. (1982) attributed bands at 1227, 1160, 1140, 1070 and 1037 
to the ν3 (SO4)2-.  Čejka proposes that the symmetry of the (SO4)2- anion must be of C1 
symmetry.  If this is so then the ν1 and ν2 bands become infrared active.  In this work no 
infrared band equivalent to the symmetric stretching mode is observed. Thus it is suggested 
that a higher site symmetry C3v is possible.  However, Serezhkina et al. (1982) assigned two 
bands to the ν1 (SO4)2- as mentioned above.  
 
 
The Raman spectrum of the low wavenumber region at 298 and 77 K are shown in 
Figure 6.  A strong band is observed at 539 cm-1 at 298 K and is assigned to the triply 
degenerate ν4 bending vibration of the (SO4)2- units.  This band is found at 542 cm-1 at 77 K. 
No additional bands were resolved at this temperature in this spectral region. In the infrared 
spectrum two absorption bands are observed at 619 and 605 cm-1 and may be assigned to this 
vibrational mode.  Čejka found absorption band at 619 cm-1 which is in good agreement with 
this work, , and Serezhkina et al. (1982) four bands at 642, 611, 605 and 595 cm-1 assigned to 
the ν4 (SO4)2- .  Two bands are observed in the Raman spectrum of johannite at 298 K at 481 
and 384 cm-1.  These bands are band separated into bands at 469, 425 and 388 cm-1 at 77 K. 
These bands are assigned to the ν2 bending modes of the (SO4)2- units.   Čejka found bands at 
422 and 384 cm-1 in the infrared absorption spectra of johannite [10].    
 
In the infrared spectrum of johannite (Figure 5) two bands are observed at 936 (as a 
shoulder) and 898 cm-1.  Čejka assigned these bands to the ν3 antisymmetric stretching modes 
of the (UO2)2+ units.  Čejka states that the uranium coordination in johannite is in irregular 
pentagonal bipyramid in which five oxygens (two of the hydroxyl units and three from the 
sulphate anions) coordinated in the uranyl plane do not lie precisely in that plane. This may 
result in the observation of the shoulder at 936 cm-1.   A broad feature is observed in the 298 
K Raman spectrum at 948 cm-1 which becomes clearly resolved into two bands with maxima 
at 974 and 927 cm-1 in the 77 K spectrum (Figure 7).  This band is ascribed to the ν3 
antisymmetric stretching vibration of the (UO2)2+ units.   In the Raman spectrum in the 650 to 
1100 cm-1 range at 298 K three bands are observed at 812, 788 and 756 cm-1.  At 77 K these 
bands are shifted to lower energy at 811, 786 and 703 cm-1.  These bands are attributed to the 
ν1 symmetric stretching modes of the (UO2)2+ units.   In the infrared spectrum a broad band is 
found at 795 cm-1 and a sharper band at 823 cm-1 which correspond to these Raman bands.  
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Čejka noted one (819-822 cm-1) or two low intensity absorption bands at 832 and 821 cm-1. 
One of the problems associated with studying broad overlapping bands in this region is the 
potential overlap with water librational modes or UOH deformation modes. One possibility is 
that the broad band at 795 cm-1 is a water librational mode and that the band at 823 cm-1 is the 
correct ν1 symmetric stretching mode.   
 
Čejka attributed the very weak broad band at 780 cm-1 to the water libration modes. 
[9, 10] The U-O bond lengths in uranyl were calculated using the wavenumbers of the ν3 and 
ν1 UO22+ vibrations and empirical relations by Bartlett and Cooney (1989), Glebov (1989) 
and Syt’ko et al. (2001). [30-33] The obtained values for 898 cm-1 (IR) are 1.788 Å (Bartlett 
and Cooney 1989), 1.782 Å (Glebov 1989) and 1.786 Å (Syt’ko et al. 2001) and for 811 cm-1 
(Raman) is 1.799 cm-1 (Bartlett and Cooney 1989). [31-33] These values are in agreement 
with 1.7815 cm-1 inferred from the single crystal structure analysis.  [10] 
 
 
In the Raman spectrum of the low wavenumber region a significant number of intense 
bands are observed (Figure 6). In the 298 K spectrum three bands are observed at 302, 277 
and 205 cm-1. In the 77 K spectrum, bands are observed at 306, 282, 231 and 210 cm-1 with 
other low intensity bands found at 191, 170 and 149 cm-1.  In the infrared spectrum of 
johannite Čejka assigned the two bands at 257 and 216 cm-1 to the doubly degenerate ν2 
bending vibration of the (UO2)2+ units.  The two Raman bands at 277 and 205 cm-1 fits well 
with this observation.  However there are significant differences between the infrared 
spectrum in the low wavenumber region as published by Čejka and the Raman spectrum in 
this work. There is an intense additional band at 302 cm-1 in the 298 K spectrum which shows 
additional intensity at 77 K. It is proposed that this band is a CuO stretching vibration.  
 
Conclusions 
 
 Raman spectroscopy has enabled a study of the uranyl sulphate mineral known as 
johannite.  Whereas infrared spectroscopy provides a complex spectral profile as a result of 
overlapping bands making the assignment of bands difficult, Raman spectroscopy enables 
better band separation with bandwidths being significantly smaller. Further Raman 
spectroscopy provides information on the symmetric stretching modes whereas infrared 
spectroscopy may show these bands providing the symmetry of the vibration species is 
lowered to enable the modes to become Raman active. Even then the infrared band may be 
lost in the complex spectral profile as often happens with secondary uranyl minerals.  
Another difficulty which Raman spectroscopy can help to overcome is the overlap of bands 
which arise from the position of bands from different vibrating species occurring at the same 
or similar positions.    
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Figure 1 Raman spectrum of the hydroxyl stretching region of johannite 
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Figure 2 Infrared spectrum of the hydroxyl stretching region of johannite 
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Figure 3 Infrared spectrum of the water bending region of johannite 
 
 
0
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008
0.009
90095010001050110011501200
Wavenumber/cm-1
R
am
an
 In
te
ns
ity
1042
1090
1100
1147
 
Figure 4 Raman spectra of the (SO4)2- stretching region
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Figure 5 Infrared spectra of the low wavenumber region 
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Figure 6 Raman spectra of the low wavenumber region of johannite 
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Figure 7 Raman spectra of the 650 to 1100 cm-1 region of johannite 
 
 
 
